Gammaherpesviruses are lymphotropic viruses that are capable of establishing a lifelong infection of the host. These viruses infect a diverse variety of mammalian species and are associated with the development of malignancies and lymphoproliferative diseases. Studies of the pathogenesis of the human gammaherpesviruses Epstein-Barr virus (EBV) and Kaposi's sarcoma-associated herpesvirus have been hampered by a restricted host range and thus have been confined largely to in vitro analyses. Murine gammaherpesvirus 68 (␥HV68) is a type 2 gammaherpesvirus and shares genome colinearity with EBV and Kaposi's sarcoma-associated herpesvirus (5, 6, 32, 37) . ␥HV68 infection of mice represents an established, genetically tractable small-animal model system with which to study gammaherpesvirus pathogenesis, host control, and tumor induction (3, 4, 14, 15, 20, 21, 31) .
␥HV68 is a natural pathogen of wild murid rodents and is capable of infecting both inbred and outbred mice (1, 13, 19, 24) . Upon inoculation of inbred strains of mice, ␥HV68 undergoes acute-phase replication in mutiple organs, including the lungs and spleen. Subsequently, a latent infection is established; this infection is marked by CD4
ϩ -T-cell-dependent splenomegaly, which peaks at 14 to 21 days postinfection (dpi) (7, 22, 24, 25, 29, 34) . As in EBV infection, B lymphocytes appear to harbor the majority of ␥HV68 latency (8, 25, 37) . However, macrophages (8, 36) , dendritic cells (8) , and lung epithelial cells (23) have also been implicated as sites of ␥HV68 latency. Recently, it was shown that at early times postinfection, ␥HV68, like EBV, resides within various B-cell populations, while long-term latency is predominantly confined to memory B cells (isotype-switched mature B cells lacking surface immunoglobulin D [sIgD]) (26, 27) . Access to the memory B-cell compartment allows EBV and ␥HV68 to maintain long-term latency within a long-lived, immunologically privileged site in the host. At present, there is growing evidence to support the notion that EBV is capable of usurping the natural B-cell differentiation pathway in order to access the memory B-cell reservoir. It has been hypothesized that upon infection of naive B cells, a subset of EBV genes are expressed and subsequently provide the necessary signals to drive the infected B cells to proliferate. Once activated, these infected B cells participate in germinal center reactions, in which specific EBV latency-associated gene products are capable of providing the requisite signals to exit the cell cycle by differentiating into memory B cells. Once latency is established in the memory compartment, EBV downregulates viral gene expression and utilizes these cells to leave the site of initial infection and traffic to secondary lymphoid organs, including the spleen. Analyses of the impact of specific candidate ␥HV68 latency-associated genes on the establishment of long-term latency in memory B cells may identify specific ␥HV68 genes necessary for driving B-cell differentiation.
The ␥HV68 M2 open reading frame (ORF) is a latencyassociated gene located in the unique region at the left end of the viral genome. M2 transcripts have been detected in latently infected splenocytes in vivo (10, 33) as well as in murine B-cell lymphoma line S11, which is latently infected with ␥HV68 (10). The contributions of M2 to ␥HV68 acute-phase replication and latent infection were previously analyzed through the use of viral recombinants containing targeted mutations in the M2 ORF (11, 12) . After intranasal inoculation with 4 ϫ 10 5 PFU, the M2 mutant viruses displayed no defect in acute-phase replication in the lungs. However, M2 was shown to be critical for the establishment of latency and reactivation from latency in the spleen at 16 dpi. Surprisingly, M2 was not required for the establishment of latency or for reactivation from latency in the spleen at 16 dpi after intraperitoneal inoculation with 10 6 PFU of virus (11) . Similarly, in ␥HV68 infection of B-celldeficient mice, splenic latency was established after intraperitoneal inoculation but was not efficiently established after intranasal inoculation (30, 35) . However, adoptive transfer of uninfected T-cell-depleted splenocytes could restore ␥HV68 splenic latency after intranasal inoculation (23) . These analyses suggest that, similar to the way in which EBV utilizes memory B cells to infect secondary lymphoid organs, ␥HV68 infection of the spleen after intranasal inoculation may require trafficking of the virus through the infection and/or the establishment of latency in B cells. The present study characterizes the contribution of M2 to the establishment of ␥HV68 B-cell latency in the spleen as well as reactivation from latency.
MATERIALS AND METHODS
Viruses and tissue cultures. ␥HV68 WUMS (ATCC VR1465) was the wildtype (wt) virus used to derive the mutants in this study. Virus passage and determination of titers were performed as previously described (2) . NIH 3T12 cells and mouse embryonic fibroblasts (MEFs) were maintained in Dulbecco's modified Eagle's medium supplemented with 100 U of penicillin per ml, 100 mg of streptomycin per ml, 10% fetal calf serum (FCS), and 2 mM L-glutamate (cMEM). Cells were maintained at 37°C in a 5% CO 2 environment. MEFs were obtained as previously described (18) .
Generation of virus mutants. All recombinant viruses were generated by homologous recombination following calcium phosphate or Superfect (Qiagen, Hilden, Germany) cotransfection of ␥HV68 genomic DNA and a gene-targeting plasmid as previously described (2, 11) . Briefly, a ␥HV68 genomic fragment containing the region from bp 2403 to bp 6262 (WUMS sequence) (32) was cloned into the Litmus-38 plasmid (Lit38-M2). The ␥HV68M2.Stop targeting construct was created by inserting a 26-bp linker at bp 4314 in Lit38-M2, introducing a translational stop codon after residue108 of the M2 ORF. The ␥HV68M2.Stop virus was generated by Superfect cotransfection of the ␥HV68M2.Stop targeting construct and ␥HV68M2.LacZ viral DNA (11) . The M2 marker rescue virus (␥HV68M2.MR virus) was generated by Superfect cotransfection of ␥HV68M2.LacZ viral DNA and Lit38-M2. Both ␥HV68M2.Stop and ␥HV68M2.MR viruses were isolated after three rounds of plaque purification. Stocks of mutant viruses were generated as previously described (2, 11) .
Mice, infections, and organ harvests. Female C57BL/6J mice (catalog no. 000664; Jackson Laboratory, Bar Harbor, Maine) were housed at the Yerkes vivarium in accordance with federal and university guidelines. Mice between 8 and 12 weeks of age were placed under isoflurane anesthesia prior to intranasal inoculation with 100 PFU or 4 ϫ 10 5 PFU of virus in 20 l of cMEM or intraperitoneal inoculation with 100 PFU of virus in 0.5 ml of cMEM. Spleens were harvested into cMEM, homogenized, and filtered through a 100-m-poresize nylon cell strainer (Becton Dickinson, Franklin Lakes, N.J.). Erythrocytes were removed with red blood cell lysis buffer (Sigma, St. Louis, Mo.). Pooled splenocytes from 5 to 15 mice were used in all experiments.
Plaque assays. Plaque assays were performed as previously described (2) , with the following modifications. NIH 3T12 cells were plated on six-well plates 1 day prior to infection at 3 ϫ 10 5 cells per well. Organs were subjected to three rounds of mechanical disruption of 1 min each with 1.0-mm zirconium-silica beads (Biospec Products, Bartsville, Okla.) in a Mini-Beadbeater-8 (Biospec Products). Serial 10-fold dilutions of organ homogenates in 200-l volumes were plated on NIH 3T12 cell monolayers. Infection was allowed to proceed for 1 h at 37°C. Immediately after infection and at 3 dpi, plates were overlaid with medium containing Noble agar. At 6 dpi, plates were stained with a Noble agar-neutral red overlay, and plaques were scored on day 7. Titers of all samples were determined in parallel with a known laboratory standard titer. The limit of detection for these assays is 50 PFU per organ.
Antibodies for flow cytometry. Cells were stained for fluorescence-activated cell sorting (FACS) with combinations of the following antibodies: phycoerythrin (PE)-conjugated antibodies to CD19 and fluorescein isothiocyanate (FITC)-conjugated antibodies to B220, immunoglobulin D (IgD), IgG1, IgG2a, IgG2b, IgG3, IgA, and IgE. When necessary, rat anti-mouse CD16/CD32 (Fc block) was used to block Fc receptors prior to staining. All reagents were obtained from BD Biosciences Pharmingen, San Diego, Calif.
Magnetic cell separation. Murine B cells were isolated by depletion of non-B cells by using a B-cell isolation kit (Miltenyi Biotec, Cologne, Germany). Cells were resuspended at 2 ϫ 10 8 /ml in phosphate-buffered saline (PBS) containing 0.5% FCS, followed by staining with Fc block (0.125 g/10 6 cells) on ice for 15 min. Cells were labeled with PE conjugates at 0.05 g/10 6 cells, FITC conjugates at 0.25 g/10 6 cells, and biotin-antibody cocktail (biotin-conjugated antibodies against CD43, CD4, and Ter-119; mouse B-cell isolation kit from Mitanyi Biotec) for 15 min on ice in the dark, followed by staining with antibiotin Microbeads (Mitanyi Biotec) for 15 min on ice in the dark. Cells were washed twice with PBS containing 0.5% FCS and subjected to magnetic separation by using an autoMACS (Miltenyi Biotec). Following separation, stained cell populations were collected as described below.
Flow cytometry. Cells were resuspended at 5 ϫ 10 7 /ml and incubated for 30 min on ice in FACS blocking buffer (8% FCS, 10% normal rabbit serum, 10% normal goat serum, 5% bovine serum albumin, and 0.5 mg of mouse immunoglobulin per ml in Hanks balanced salt solution [0.15 M NaCl, 0.015 M sodium citrate]) or PBS containing 1% FCS and/or an Fc-blocking agent. Cells were stained with PE conjugates at 0.05 g/10 6 cells and FITC conjugates at 0.25 g/10 6 cells by incubation for 1 h on ice in the dark. Cells were washed twice with PBS containing 1% FCS and resuspended at 5 ϫ 10 7 /ml. Stained cell populations were acquired by using a FACSVantage SE (Becton Dickinson, Mountain View, Calif.) flow cytometer. Sorted and unsorted cell populations were resuspended in cMEM supplemented with 10% dimethyl sulfoxide and stored at Ϫ80°C for limiting-dilution PCR analyses or resuspended in cMEM at 4°C.
Limiting-dilution ex vivo reactivation analyses. Limiting-dilution analyses to determine the frequency of cells containing virus capable of reactivation from latency were performed as previously described (34, 36) . Briefly, bulk splenocytes or sorted cell populations were resuspended in cMEM and plated in serial twofold dilutions (starting with 10 5 cells) on MEF monolayers in 96-well tissue culture plates. Twelve dilutions were plated per sample, and 24 wells were plated per dilution. Wells were scored for cytopathic effects (CPE) 21 to 28 days postplating. To detect preformed infectious virus, parallel samples of mechanically disrupted cells were plated on MEF monolayers. This process kills Ͼ99% of live cells, allowing preformed infectious virus to be discerned from virus reactivated from latently infected cells (34) (35) (36) . The level of sensitivity of this assay is 0.2 PFU (34).
Limiting-dilution nested PCR detection of ␥HV68 genome-positive cells. Limiting-dilution analyses to determine the frequency of cells harboring the viral genome were performed by using a single-copy-sensitive nested PCR assay as previously described (35, 36) . Briefly, frozen samples were thawed, counted, resuspended in isotonic buffer, and plated in serial threefold dilutions in a background of 10 4 uninfected NIH 3T12 cells in 96-well plates (MWG Biotech, High Point, N.C.). Plates were covered with PCR foil (Eppendorf Scientific, Westbury, N.Y.) Cells were lysed with proteinase K for 6 h at 56°C. Ten microliters of round 1 PCR mixture was added to each well by foil puncture. Following first-round PCR, 10 l of round 2 PCR mixture was added to each well by foil puncture, and samples were subjected to round 2 PCR. All cell lysis and PCR procedures were performed with a PrimusHT thermal cycler (MWG Biotech). Products were resolved by ethidium bromide staining on 2% agarose gels. Twelve PCRs were performed for each sample dilution, and 6 dilutions were used per sample. Every PCR plate contained control reactions (uninfected cells and 10 copies, 1 copy, and 0.1 copy of plasmid DNA in a background of 10 4 cells) as previously described (35, 36) . All of the assays demonstrated approximately single-copy sensitivity, with no false-positive results.
Recovery of ␥HV68M2.Stop and ␥HV68M2.MR viruses from splenocytes at late times postinfection. M2 mutant and M2 marker rescue viruses were recovered from splenocytes at 90 dpi by using a recently developed stimulation protocol (13a). Briefly, MEF cells were plated in six-well plates at 3 ϫ 10 5 cells per well 1 day prior to splenocyte harvest. Total splenocytes were resuspended in cMEM containing goat anti-mouse IgM or IgG F(abЈ) 2 fragment (Jackson ImmunoResearch, West Grove, Pa.) at 10 g/ml and anti-mouse CD40 (BD Biosciences Pharmingen) at 5 g/ml (13a) and plated on MEF monolayers at 6 ϫ 10 6 splenocytes per well. CPEs were observed in wells at 14 days postplating. The contents of wells exhibiting viral CPEs were homogenized, clarified, and divided into aliquots for storage at Ϫ80°C without further in vitro passage. Titers of viral stocks were determined by averaging the values obtained from three independent plaque assays as previously described (2, 11) .
Statistical analyses. All data were analyzed by using GraphPad Prism software (GraphPad Software, San Diego, Calif.). Data were subjected to nonlinear regression analysis to determine the single-cell frequency for each limiting-dilution analysis. Based on the Poisson distribution, the frequencies of reactivation and viral genome-positive cells were obtained from the nonlinear regression fit of the data, where the regression line intersected at 63.2%.
RESULTS

M2
is not required for acute-phase virus replication in vivo following low-dose intranasal inoculation. Previous studies showed that the M2 gene is not required for acute-phase virus replication at various times postinfection (4 and 6 dpi) following intranasal inoculation with 4 ϫ 10 5 PFU in the lungs, where the peak of acute-phase virus replication occurs at 7 dpi (11, 28) . Recently, it was shown that the intranasal administration of a lower dose of wt ␥HV68 (40 PFU) delays the peak of acute-phase virus replication in the lungs until 10 dpi (28) . To assess the role of M2 in latency, it was necessary to determine whether an acute-phase replication defect existed at a lower dose of infection. C57BL/6J mice were infected intranasally with 100 PFU, and viral titers in the lungs were quantified by plaque assays at 6 and 9 dpi. Following intranasal inoculation, ␥HV68M2.Stop and ␥HV68M2.MR virus titers were comparable at 6 and 9 dpi (Fig. 1) . These findings are consistent with previous studies indicating that M2 is not necessary for acutephase virus replication in the lungs following intranasal inoculation (11, 12) .
M2 is required for the establishment of ␥HV68 latency in the spleen following low-dose intranasal inoculation. Recent experiments by Tibbetts et al. showed that wt ␥HV68 latency in the spleen 16 days after intranasal inoculation is independent of the dose of infection (28) . Previously, it was shown that the M2 gene is important but not absolutely required for both the establishment of ␥HV68 latency and reactivation from latency in bulk splenocytes at 16 dpi following intranasal inoculation with 4 ϫ 10 5 PFU (11) . These analyses demonstrated that the ␥HV68M2.Stop mutant is capable of establishing latency at a frequency of ca. 1 in 1,000 splenocytes upon intranasal inoculation with 4 ϫ 10 5 PFU, a frequency of latency which is ca. 10-fold lower than the frequency of latency observed in wt virus-infected mice at 16 dpi following intranasal inoculation with 4 ϫ 10 5 PFU (11). We hypothesized that non-B-cell subsets in the spleen contribute to the latency detected in bulk splenocytes upon infection with an M2 mutant virus. In addition, we were concerned that inoculating mice with high doses of virus might mask a phenotype of the M2 mutant virus through infection of reservoirs not normally infected at physiologically relevant inocula of virus. Thus, the requirement for M2 during latency in bulk splenocytes and B cells in the spleen was examined following low-dose (100 PFU) intranasal inoculation. Single-cell preparations were generated from spleens harvested from mice infected with wt ␥HV68, ␥HV68M2.MR, or ␥HV68M2.Stop at 16 dpi. Splenocytes were stained with antibodies directed against the pan-B-cell marker CD19 and B220 (Fig. 2) , and splenic B cells (CD19 ϩ B220 ϩ ) were purified by FACS (Fig. 2) . To investigate the ability of the M2 mutant virus to be reactivated from latency, splenic B cells and total splenocytes were subjected to a limiting-dilution ex vivo reactivation assay (see Materials and Methods) (34, 36) . To confirm that the observed virus-induced CPEs were due to reactivated virus and not preformed infectious virus, mechanically disrupted cells were plated in parallel. Importantly, no preformed infectious virus was detected in any experiment in this study (data not shown).
At 16 dpi following intranasal inoculation with 100 PFU, little or no ex vivo virus reactivation was observed from either total splenocytes or splenic B cells recovered from mice infected with the M2 mutant virus (Fig. 3) . The frequencies of wt ␥HV68 and ␥HV68M2.MR reactivation from latency in the spleen were 1 in 8,800 and 1 in 9,200 from purified B cells, respectively, and 1 in 8,072 and 1 in 10,400 from unsorted splenocytes, respectively ( Fig. 3 and Table 1 ). In contrast, the frequencies of ␥HV68M2.Stop reactivation from latency in splenic B cells and total splenocytes were too low to be accurately determined ( Fig. 3A and B) . The absence of detectable M2 mutant virus reactivation from latency in B cells and total splenocytes in the spleen could be due to a decrease in the efficiency of reactivation, a decrease in the establishment of latency (measured by the frequency of latently infected cells), or a combination of both.
To assess the requirement for M2 in the establishment of
is not required for acute-phase replication in vivo following intranasal inoculation with 100 PFU. (A) C57BL/6 mice were infected intranasally with 100 PFU of either ␥HV68M2.Stop or ␥HV68M2.MR, and the left lung was extracted at 6 dpi (d6). The results shown were compiled from two independent experiments with three to five mice each. (B) C57BL/6 mice were infected intranasally with 100 PFU of either ␥HV68M2.Stop or ␥HV68M2.MR, and the left lung was extracted at 9 dpi (d9). The results shown were compiled from two independent experiments with three to five mice each. Virus titers in lungs were determined by plaque assays on NIH 3T12 monolayers. Each point represents the virus titer from a single mouse. The continuous horizontal line indicates the level of detection of the plaque assay (50 PFU), and the short horizontal lines indicate the mean virus titers for the groups.
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␥HV68 M2 IS REQUIRED FOR REACTIVATION FROM B CELLSlatency in splenic B cells and unsorted splenocytes, the frequencies of viral genome-positive cells were determined by using a previously described limiting-dilution PCR assay (see Materials and Methods) (35, 36) . Splenic B cells and total splenocytes harvested from mice infected with ␥HV68M2.Stop harbored nearly undetectable levels of virus ( Fig. 3C and D) . However, the frequencies of viral genome-positive B cells in the spleen were 1 in 820 for wt ␥HV68 and 1 in 580 for ␥HV68M2.MR. In unsorted splenocytes, the frequencies of viral genome-positive cells were 1 in 406 for wt ␥HV68 and 1 in 600 for ␥HV68M2.MR ( Fig. 3 and Table 2 ). These results indicate that the ability of ␥HV68 to establish latency in the spleen at 16 dpi is severely compromised in the absence of a functional M2 gene following intranasal inoculation with 100 PFU.
M2 is required for ␥HV68 reactivation from latency in splenic B cells following high-dose intranasal inoculation.
With respect to the M2 phenotype discussed above, previous analyses by Jacoby et al. (11) showed that intranasal inoculation with a higher dose of ␥HV68M2.Stop facilitates the establishment of latency in the spleen. As the complete lack of detectable splenic latency following low-dose intranasal inoculation with the M2 mutant virus precluded investigation into potential defects in the establishment of latency in B cells, the ability of ␥HV68M2.Stop to establish latency in splenic B cells was examined at a higher dose of infection.
Mice were infected intranasally with 4 ϫ 10 5 PFU of wt ␥HV68, ␥HV68M2.MR, or ␥HV68M2.Stop. At 16 dpi, 1 in 467 splenic B cells (CD19 ϩ B220 ϩ ) and 1 in 305 bulk splenocytes harbored the viral genome from mice infected with wt ␥HV68, as measured by a limiting-dilution PCR assay ( Fig. 4C  and D) . Similar frequencies were found after infection with ␥HV68M2.MR (Fig. 4C and D) . In contrast, only 1 in 2,100 B cells (1 in 1,480 unsorted splenocytes) from the spleens of mice infected with ␥HV68M2.Stop carried the viral genome (Fig.  4C and D and Table 2 ). These data demonstrate that increasing the dose can facilitate the establishment of latency in splenic B cells by the M2 mutant virus, but at reduced levels. In addition, examination of reactivation from latency revealed a severe defect in the ability of the M2 mutant virus to reactivate from B cells (Fig. 4A and B) . The frequency of splenic B-cell reactivation in mice infected with ␥HV68M2.Stop was too low to be accurately determined compared to splenic B-cell reactivation in mice infected with wt ␥HV68 or ␥HV68M2.MR (1 in 9,200 and 1 in 5,975, respectively) ( Fig. 4A and B M2 is required for ␥HV68 reactivation from latency in splenic B cells following low-dose intraperitoneal inoculation. In contrast to the results obtained after intranasal inoculation, M2 was previously shown to be dispensable for splenic latency and reactivation at early times following intraperitoneal inoculation with 10 6 PFU of virus (11) . To assess whether the dose of infection contributes to the ability of the M2 mutant virus to establish and reactivate from latency in the spleen, mice were infected intraperitoneally with 100 PFU of wt ␥HV68, ␥HV68M2.MR, or ␥HV68M2.Stop. At 16 dpi, splenic B cells (CD19 ϩ B220 ϩ ) and unsorted splenocytes were harvested and subjected to a limiting-dilution ex vivo reactivation assay ( Fig.  5A and B) . In the bulk splenocyte population, significant reactivation was observed for both wt and ␥HV68M2.MR viruses (1 in 5,650 and 1 in 16,900, respectively). However, significantly lower reactivation was observed for the M2 mutant virus (Ͻ1 in 100,000) ( Fig. 5A and B) . When reactivation from purified B cells was examined, nearly equivalent frequencies of reactivation were observed for wt and ␥HV68M2.MR viruses (1 in 7,900 and 1 in 13,100, respectively), while nearly undetectable levels of reactivation were observed for ␥HV68M2.Stop mutant virus (Fig. 5A and B) . However, when the frequencies of cells harboring the viral genome were assessed, the presence of M2 mutant virus in infected splenocytes was readily detected (1 in 530 total splenocytes and 1 in 500 purified B cells). These values are slightly lower than those for wt and marker rescue viruses, which were present at ca. four-or fivefold higher levels ( Fig. 5C and D and Table 2 ).
Importantly, with regard to intraperitoneal infection, it is clear that the modest defect in the establishment of latency in B cells cannot account for the severe defect in reactivation from latency. We hypothesize that non-B cells harboring latent ␥HV68M2.Stop contribute to the small amount of reactivation which was observed in bulk splenocytes (Fig. 5A ) but which was not apparent in the purified B-cell population. In addition, these studies show that the establishment of latency in splenic B cells is a route of the infection-dependent M2 mutant virus phenotype. sIgD ؉ splenic B cells harbor increased frequencies of M2 mutant virus at late times postinfection following intraperitoneal inoculation. ␥HV68 long-term latency is largely confined to isotype-switched memory B cells (9, 37) . With regard to EBV persistence, it has been hypothesized that latently infected memory B cells are capable of leaving the site of acutephase replication (tonsils) and circulating through the peripheral blood, allowing the virus to spread itself to secondary lymphoid organs, such as the spleen (26). As described above, the M2 mutant virus has a severe defect in the establishment of latency in the spleen following intranasal inoculation. Given the ability of ␥HV68M2.Stop to establish latency in splenic B cells following low-dose intraperitoneal inoculation, this route of infection was used to investigate whether the failure of b Determined from the mean of at least three independent experiments with splenocytes pooled from five mice per experimental group. ND, not determined (values were below the limit of detection of the assay).
c B-cell numbers were derived from the total number of unsorted cells per spleen for each virus, dose of infection, route of infection, and percentage of total spleen cells represented by this population, as calculated by FACS gating (see the legend to Fig. 2) .
d Derived from the experimental frequency data and the approximate total number of cells per population. NA, not applicable, due to the inability to accurately determine the frequency of cells showing reactivation.
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␥HV68M2.Stop to establish latency in the spleen at 16 dpi following low-dose intranasal inoculation was due to a defect in the establishment of latency in a specific population of B cells (perhaps responsible for trafficking of the virus from the lungs to the spleen after intranasal infection). Mice were infected with either ␥HV68M2.Stop or ␥HV68M2. MR and, at various times postinfection, mature B cells lacking sIgD (sIgD negative [sIgD Ϫ ]) and naive B cells (CD19 ϩ sIgD positive [sIgD ϩ ]) were purified by flow cytometry (Fig. 6) . At 16 dpi, the frequency of viral genome-positive naive B cells isolated from mice infected with ␥HV68M2.MR was 1 in 4,000, whereas the frequency of viral genome-positive sIgD Ϫ B cells was 1 in 148, as determined by a limiting-dilution PCR assay ( Fig. 7 and Table 3 ). In contrast, the frequency of naive B cells harboring the viral genome from mice infected with ␥HV68M2.Stop was lower than that for marker rescue virus at day 16 (ca. 1 in 17,000). However, the frequency of viral genome-positive sIgD Ϫ B cells was nearly the same as that seen with ␥HV68M2.MR infection, at 1 in 164 (Table 3) . At 42 dpi, the frequency of viral genome-positive naive B cells purified from ␥HV68M2.Stop-infected mice was over 50-fold higher than that seen with ␥HV68M2.MR infection (Fig. 7) . Again, the frequencies of viral genome-positive sIgD Ϫ B cells were similar in ␥HV68M2.Stop and ␥HV68M2.MR infections (Table 3). To complete the time course, the establishment of latency was examined at 6 months postinfection. As at early time points, the levels of viral genome-positive sIgD Ϫ B cells in the spleen were similar in ␥HV68M2.MR and ␥HV68M2.Stop infections. However, a significantly higher level of the viral genome was found in naive splenic B cells at 6 months after infection with ␥HV68M2.Stop than after infection with ␥HV68M2.MR (Table 3 and Fig. 7) .
These analyses suggested that ␥HV68M2.Stop has no defect in the establishment of latency in memory B cells, which represent a ␥HV68 long-term latency reservoir in the spleen. However, the loss of sIgD from B cells does not conclusively indicate that these cells are bona fide memory B cells, identified by the surface expression of either sIgM or isotypeswitched immunoglobulin (IgG, IgA, and IgE). To investigate the possibility that ␥HV68M2.Stop persistence was maintained in a subset of immature B cells lacking sIgD expression, the spleens of mice infected with either ␥HV68M2.Stop or ␥HV68M2.MR were harvested at 42 dpi, and isotype-switched CD19 ϩ B cells were isolated by FACS with a cocktail of antibodies (IgG1, IgG2a, IgG2b, IgG3, IgA, and IgE). As in sIgD Ϫ B cells in the spleen, ␥HV68M2.Stop was present in isotypeswitched B cells at a frequency of approximately 1 in 65 cells, and ␥HV68M2.MR was found at a frequency of 1 in 145 cells (Table 3) . These results indicate that ␥HV68M2.Stop, like wt ␥HV68, is capable of establishing latency in isotype-switched memory B cells. b Determined from the mean of at least three independent experiments with splenocytes pooled from five mice per experimental group. ND, not determined (values were below the limit of detection of the assay).
d Derived from the experimental frequency data and the approximate total number of cells per population. NA, not applicable, due to the inability to accurately determine the frequency of viral genome-positive cells.
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At late times following low-dose intranasal inoculation, M2 mutant virus is present in splenic B cells. As described above, the M2 mutant virus was incapable of establishing latency at a detectable level in the spleen at 16 dpi following low-dose intranasal inoculation. To investigate whether this absence of latency in the spleen extended to later times postinfection, mice were infected intranasally with 100 PFU of either ␥HV68M2.Stop or ␥HV68M2.MR, and splenocytes were harvested at 42 dpi and 3 months postinfection. At 42 dpi, splenic B cells (CD19 ϩ B220 ϩ ) isolated from mice infected with ␥HV68M2.MR harbored the viral genome at a frequency of 1 in 542 cells (Fig. 8 and Table 3 ). In addition, a low level of M2 mutant virus was apparent in purified splenic B cells (Ͻ1 in 10,000) (Fig. 8) .
To determine whether wild-type levels of latency were achieved by the M2 mutant virus at later times postinfection, we assessed the presence of the viral genome in the spleens of infected mice at 3 months postinfection. Surprisingly, the frequency of cells harboring the M2 mutant virus (both in unfractionated splenocytes and in purified IgD Ϫ B cells) was nearly identical to that seen with the M2 marker rescue virus (Fig. 8 and Table 3 ). Notably, in contrast to the results obtained after intraperitoneal inoculation, no M2 mutant or M2 marker rescue virus was detected in sIgD ϩ naive B cells at 3 months postinfection. However, the lack of ␥HV68 in naive B cells (CD19 ϩ sIgD ϩ ) at later times after intranasal infection with wt virus was previously described by Willer and Speck (37) and was observed here following intranasal and intraperitoneal inoculations with ␥HV68M2.MR. Why ␥HV68M2.Stop persists for a long time in naive B cells after intraperitoneal inoculation but not after intranasal inoculation is unclear but is of significant interest ( Fig. 7 and 8) .
To assess the possibility that the viral latency observed at late times after low-dose intranasal inoculation with the M2 mutant virus arose from either in vivo selection for a revertant virus or low-level contamination of the M2 mutant virus stock with wild-type ␥HV68, splenocytes from mice infected intranasally with 100 PFU of either ␥HV68M2.Stop or ␥HV68M2.MR were harvested at 91 dpi. Virus reactivation was stimulated by cross-linking of surface immunoglobulin and CD40 (see Materials and Methods) (13a). The titers of viruses obtained from these cultures were determined, and mice were infected with 100 PFU via intranasal inoculation. At 16 dpi, ␥HV68M2.Stop and ␥HV68M2.MR displayed the same splenic latency phenotypes as those observed in previous analyses reported here (data not shown). Thus, we conclude that the latency observed at late times in the spleens of mice reflects the behavior of the M2 mutant virus and not a revertant virus or contaminating wt virus.
DISCUSSION
Analogous to EBV at early times postinfection, ␥HV68 resides within various B-cell subsets while long-term latency is maintained exclusively in memory B cells. The memory compartment represents a long-lived, immunologically privileged reservoir in which ␥HV68 and EBV may remain virtually undetected by immune surveillance. In addition, there is a growing body of evidence to support the notion that EBV utilizes memory B cells to traffic from the region of acute-phase replication to alternate sites of infection within the host (26) . It is hypothesized that through the expression of a subset of viral genes, including those for LMP1 and LMP2A, EBV is capable of gaining access to the memory compartment by infecting naive B cells and driving their differentiation into memory B cells (26) . By analyzing the impact of ␥HV68 latency genes on the establishment of long-term latency in memory B cells, specific ␥HV68 genes that could be involved in manipulating B-cell differentiation may be identified. In this report, the contribution of the latency-associated M2 gene to ␥HV68 splenic B-cell latency in vivo was evaluated by using a viral recombinant containing a translational stop codon within the M2 ORF.
Role of M2 in establishing ␥HV68 latency in splenic B cells. Previously, Jacoby et al. (11) have shown that ␥HV68 splenic latency was approximately 10-fold lower in mice infected intranasally with 4 ϫ 10 5 PFU of ␥HV68M2.Stop than wt ␥HV68. However following intraperitoneal inoculation, ␥HV68M2.Stop established latency in bulk splenocytes at a comparable levels to wt virus. We show here that reducing the inoculating dose of virus administered intranasally revealed a severe defect in the initial establishment of B-cell latency in the spleens of mice in the absence of a functional M2 gene. However, only a modest defect in the early establishment of B-cell latency was detected upon low-dose intraperitoneal inoculation, suggesting route-specific differences in trafficking virus to the spleen. Interestingly, a similar phenotype is observed upon ␥HV68 infection of B-cell-deficient mice, where splenic latency is readily established following intraperitoneal inoculation but not following intranasal inoculation (30, 35) . Notably, adoptive transfer of uninfected, T cell-depleted splenocytes, facilitates establishment of ␥HV68 splenic latency after intranasal inoculation (23) . The latter suggests the possibility that trafficking of ␥HV68 from the lungs to the spleen requires B cellsperhaps latently infected B cells that reactivate in the spleen, seeding virus replication in the spleen and subsequent establishment of splenic B-cell latency. As such, the severe reactivation defect in latently infected B cells caused by the loss of M2 might result in a failure to seed virus replication and latency in the spleen (Fig. 9) . Notably, after intraperitoneal inoculation of the M2 mutant, virus reactivation from latency was observed in explanted bulk splenocytes (Fig. 5A) , presumably from non-B cells harboring latent ␥HV68M2.Stop. However, following high-dose intranasal inoculation with ␥HV68M2. Stop, we did not observe significant virus reactivation from latency in bulk splenocytes (Fig. 4A) . A possible explanation of this discrepancy is that following intranasal inoculation there is a requirement for trafficking of latently infected B cells to the spleen and subsequent virus reactivation to seed non-B-cell latency reservoirs in the spleen. Ultimately, however, there are either alternative mechanisms for seeding B-cell latency in the spleen, or the M2 mutant virus reactivation defect is not absolute in vivo, since latency in the spleen is established to nearly wt levels by 3 months after low-dose intranasal infection.
Consistent with the mechanism proposed above, acute virus replication in the spleen lags significantly behind the kinetics of acute virus replication in the lungs (28) . Furthermore, acute replication virus in the spleen following intransal inoculation also appears at significant later times than following virus in- fection via intraperitoneal inoculation regardless of dose (28) . Thus, the mechanisms involved in seeding virus latency to the spleen following intraperitoneal inoculation may be quite distinct from the mechanisms involved in virus trafficking after intranasal inoculation. Role of M2 in the reactivation of virus from latently infected B cells. The analyses presented here, while demonstrating a route-dependent or dose-dependent delay in the establishment of splenic B-cell latency in the absence of M2, clearly show that M2 is ultimately not required for the establishment of latency in B cells. Furthermore, the M2 mutant virus ultimately appears to gain access to the memory B-cell reservoir which serves as the major reservoir for maintaining chronic ␥HV68 infection. Thus, the major phenotype revealed by these analyses is a severe defect in the ability of B cells latently infected with M2 mutant virus to reactivate from latency. Unfortunately, the mechanisms controlling establishment of ␥HV68 latency, and subsequent reactivation from latency, are very poorly understood. Our previous analyses using an ex vivo reactivation assay demonstrated that only a small fraction of viral genome-positive B cells harvested at 16 dpi reactivate, and by 42 dpi very little virus reactivation is observed. Thus, we Why does virus reactivation diminish with time postinfection? One possibility is that the viral genome is targeted for methylation by the host cell-directed de novo methylation machinery, resulting in the suppression of key reactivation genes. Viral genome methylation is thought to play a major role in modulating expression of EBV latency-associated genes in latently infected memory B cells in normal seropositive individuals (16, 17) . Alternatively, reactivation may be confined to a specific subpopulation of latently infected B cells which are only transiently present during the establishment of latency in vivo. An extension of the latter possibility is that specific ␥HV68 latency-associated gene products may play a role in dictating the efficiency of virus reactivation in the ex vivo assay, and changes in their expression patterns lead to changes in virus reactivation. Ultimately, any of these changes may lead to a state of the viral genome which requires specific signals to trigger virus reactivation; signals which are not present in the ex vivo reactivation assay (e.g., antigen stimulation). The failure to observe significant reactivation from B cells latently infected with M2 mutant virus could reflect (i) the absence of M2 mutant virus in a specific subpopulation of B cells that gives rise to the virus reactivation observed in the ex vivo reactivation assay or (ii) that M2 plays a direct role in virus reactivation.
Role of M2 in the establishment of ␥HV68 latency in specific B-cell subsets in the spleen at late times postinfection. Both EBV and ␥HV68 reside within various B-cell populations at early times postinfection, while long-term latency is maintained in memory B cells. For EBV it appears that it has evolved mechanisms to manipulate B-cell differentiation, thereby gaining access to the memory B-cell reservoir. Once the virus has gained access to memory B cells, the virus utilizes these cells to spread throughout the host, invading secondary lymphoid organs including the spleen (26) . Given the similar- ities between ␥HV68 and EBV, it is attractive to speculate that a similar strategy is employed by ␥HV68 (Fig. 9) . Based on the ability of ␥HV68M2.Stop to establish latency in B cells following intraperitoneal inoculation with 100 PFU (Fig. 5) , this route of infection was used to investigate the hypothesis that M2 is required for the establishment of latency in a specific subset of B cells that are necessary for trafficking the virus from the lungs to the spleen following intranasal inoculation.
Naive B cells (CD19 ϩ sIgD ϩ ) and sIgD Ϫ B cells were isolated from the spleens of mice infected with either ␥HV68M2.Stop or ␥HV68M2.MR and examined for the presence of viral genomes. Strikingly, at 42 dpi the frequency of naive B cells harboring the viral genome purified from mice infected with ␥HV68M2.Stop was Ͼ10-fold higher than that of naive B cells isolated from ␥HV68M2.MR-infected animals ( Fig. 7 and Table 3 ). Recently, we showed that the majority ␥HV68 latency in the spleen at 16 dpi and at 42 dpi is found in proliferating B cells (Moser et al., unpublished) . Thus, the increase in latent virus infection of naive B cells from 16 dpi to 42 dpi in ␥HV68M2.Stop-infected mice may reflect proliferation of this latently infected population of B cells, perhaps driven by ␥HV68 infection. The failure to observe this expansion in wt ␥HV68-infected mice may reflect an M2-dependent differentiation of latently infected naive B cells, and as such, in the absence of M2 expression, there is an accumulation of latently infected naive B cells. Alternatively, this slow decay of latent virus infection of naive B cells upon infection with ␥HV68M2.Stop may represent (i) a steady influx of latently infected naive B cells to the spleen from an alternate site of ␥HV68 latency; (ii) virus reactivation from B-cell and/or non-B-cell latency reservoirs in the spleen, undetectable by the FIG. 8. M2 mutant virus is present in splenic B cells at late times postinfection following low-dose intranasal inoculation. C57BL/6 mice were infected intranasally with 100 PFU of either ␥HV68M2.Stop or ␥HV68M2.MR, and spleens were harvested at 42 or 91 dpi (d42 or d91, respectively). Splenic B cells (CD19 ϩ B220 ϩ ) were purified by FACS as described in Materials and Methods at 42 dpi (Fig. 2) , and CD19 ϩ sIgD ϩ and CD19 ϩ sIgD Ϫ splenic B cells were purified at 3 months postinfection (Fig. 6 ). Bulk splenocytes and isolated B cells were analyzed by limiting-dilution viral genome PCR assays as described in the legend to limiting-dilution ex vivo reactivation assay; and/or (iii) an inability of the immune system to clear these cells. Regarding the latter, M2 contains a classic H-2K d epitope which has been shown to be recognized by CD8 ϩ T cells from ␥HV68-infected BALB/c mice (10) . However, CD8
ϩ -T-cell recognition of M2 has not been confirmed in C57BL/6J mice.
By 42 dpi the majority of ␥HV68M2.MR, as previously shown for wt ␥HV68 (9, 37), was found in sIgD Ϫ B cells (germinal center and memory B cells), and only about 10% of the virus was present in naive B cells (ca. 1 in 10,000 naive B cells). In contrast, the frequency of naive B cells latently infected with M2 mutant virus increased from Ͻ1 in 10,000 to ca. 1 in 1,000 by 42 dpi. Even by 6 months postinfection, ␥HV68-infected naive B cells were still detectable. It is unclear whether the altered kinetics of decay of ␥HV68 infected naive B cells reflects an inability of M2 mutant virus to drive the differentiation of these cells and/or reseeding infection of naive B cells due to increased virus reactivation in the lungs and/or non-B-cell latency reservoirs. Notably, the frequency of CD19 ϩ sIgD Ϫ B cells was nearly identical in M2 mutant and marker rescue virus infected mice at all time assessed following interperitoneal inoculation. However, although the frequency of viral genome-positive sIgD Ϫ B cells are approximately equivalent for ␥HV68M2.MR and ␥HV68M2.Stop, we do not know the relative contribution to this reservoir from (i) virusdriven B-cell differentiation; (ii) passive access through infection of antigen-activated naive B cells; and/or (iii) direct infection of existing GC or memory B cells (Fig. 9) . Indeed, this represents one of the central unresolved issues in ␥HV68 pathogenesis.
Conclusion. We have shown here that the loss of M2 leads to route-and dose-specific defects in the early establishment of ␥HV68 latency in splenic B cells. In addition, experimental conditions that lead to the early establishment of splenic latency with M2 mutant virus also demonstrate a critical role of M2 in virus reactivation. Ultimately, however, the M2 mutant virus is able to gain access to the IgD-B-cell reservoir following either intraperitoneal or intranasal infection. It seems reasonable to speculate that in the context of natural infection, the M2 gene product plays a critical role in establishing chronic infection. Further understanding of the role of M2 in chronic infection will require insights into the function of this viral antigen. M2 lacks any discernible homology to any known cellular or pathogen proteins but does contain several PxxP motifs that can interact with some SH3 domain-containing proteins (M. Jacoby and S. H. Speck, unpublished data). We are presently determining the importance of these interactions to M2 function during the course of virus infection.
